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A B S T R A C T
In this work a combination of the characterisation techniques small angle neutron scattering (SANS) and atom
probe tomography (APT) are used to study the precipitation in a maraging steel. Three similar maraging steel
alloys were aged at diﬀerent temperatures and ageing times, and then characterised using SANS, APT and
microhardness. The alloys consist of two types of precipitates, namely Laves phase and β-NiAl, the precipitates
have diﬀerent composition and hence precipitate ageing, which makes it complicated to model. The SANS
experimental set-up was relatively simple and allowed the precipitate size and fraction of a large number of
samples to be measured in a single experiment. The APT results were used for constraining the SANS modelling,
particularly the composition, shape and distribution of phases. The characterisation led to the following de-
scription of precipitation: NiAl phase reaches coarsening at early stages of ageing and shifts its strength me-
chanisms from shearing to Orowan looping, which cause the characteristic peak strength; the Laves phase is in
growth throughout and its strength contribution increases with ageing time. These observations were shown to
be consistent with precipitate evolution and strengthening models, and the work of others. Although, there are
some issues with the combination of SANS and APT approach, which are discussed, the methodology provides a
valuable tool to understand complex precipitation behaviours.
1. Introduction
Maraging steels are a class of steel used within the aerospace sector
because of their ultra-high strength, combined with good fatigue and
toughness properties [1,2]. These alloys gain their beneﬁcial properties
by a ﬁne dispersion of a nano-scale precipitates, produced after an
ageing heat-treatment at an elevated temperature. To understand the
mechanical properties, and optimise thermo-mechanical processing
routes, it is important to be able to understand this ageing and how the
precipitates inﬂuence the mechanical performance. It is over 100 years
since the discovery of precipitation strengthening [3] and around 70
years since a theory of the mechanisms causing this strengthening was
developed [4]. Since then there have been numerous studies on pre-
cipitation strengthening and theories on the mechanisms involved
[3,5–9]. There has been some success in modelling the precipitation
strengthening, but there is still a general uncertainty about the exact
approach to take for a given alloy. This is particularly the case for steel
alloys or when the precipitates are small (e.g. less than ~10 nm), and it
is not obvious what model to use or the values of the parameters within
these equations. The issue is further complicated because of the diﬃ-
culty in quantifying the precipitates present. Because of this it is
common to take a two-step approach; in the ﬁrst step the precipitation
growth kinetics are modelled to provide information of the precipitate
population, and in the second step the strengthening is calculated from
the predicted precipitate population. This two-step approach is not
ideal because both processes are diﬃcult to model, but is used mainly
due to the diﬃculty in quantifying the precipitate population. For ex-
ample, it may be possible to predict the ﬁnal strength from the heat-
treatment applied, without the models predicting either the precipitate
evolution or the strengthening.
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Quantifying the precipitate population in a sample is diﬃcult.
Transmission electron microscopy (TEM) is the most widely used
characterisation technique, but there are limitations with this method
including: how characteristic of the bulk is the small volume measured,
an uncertainty quantifying precipitate size and density, and even ob-
serving the precipitates themselves when they are small, coherent with
the matrix or have similar chemistry to the matrix. This latter case is not
uncommon, especially for precipitates at the earliest stages of ageing;
such as for some common precipitates in steels such as NiAl and α’Cr.
Atom probe tomography (APT) has proved itself to be a useful tech-
nique to quantify these small and coherent precipitates [1,10–12].
However, the volume sampled is smaller even than TEM, and so its use
on its own should be treated with care and in most cases it is not fea-
sible to use APT to do bulk analysis. When the precipitates are large or
more heterogeneously distributed, there can be problems with both
APT and TEM techniques because of the small size sampled. In this case
SEM using the back-scattered mode can be eﬀective. Small angle scat-
tering (SAS) is a bulk analysis diﬀraction technique that can be used to
gain quantiﬁable information about the size and volume fraction of
nano-sized precipitates. The technique has been used for metals
[13–18], but is more commonly used within other areas of science. For
example, it is well used in colloidal science where in the ideal case
precipitates are diluted, nearly monodispersed and the matrix is gen-
erally homogeneous [19]. Its use within metals has been limited per-
haps because of the increased complexity of metallic systems; because
there are many length-scales involved and even the matrix is not
homogeneous. Like any technique the analysis of SANS and APT data is
dependent on the hypothesis and approximations (or assumptions)
used, and we will try to explain why we made the assumptions we did
and the possible inﬂuence that these assumptions have on the results.
The aim of this paper is to quantify the precipitations through APT
and SANS. Although challenging, and not widely used, we think that
relevant information could be extracted if a careful and critical analysis
of the results is done. We will do this for a novel maraging steel with
three major phases; a BCC martensitic matrix, with NiAl and Laves
phase precipitates. The experimental data will be used to verify models
for the evolution and strengthening of precipitates.
2. Materials and methods
The composition of the alloys studied are shown in Table 1. The
alloys were produced by Allvac Ltd by vacuum induction melting- va-
cuum arc remelting (VIM-VAR) and subsequently homogenised and
forged. Samples were austenised at temperatures between 900 °C and
960 °C, in the fully austenite region for each alloy, to ensure pre-
cipitation only occurs during ageing. They were then cooled to produce
a fully martensitic microstructure. The samples were then aged at
temperatures between 520 °C and 560 °C for several hours. Hardness
measurements were made with a load of 30 kg using a Vickers micro-
hardness machine from polished samples. From heat-treated samples,
specimens were prepared for TEM, APT and SANS measurements.
Thin foil transmission electron microscopy (TEM) specimens were
mechanically thinned and then electropolished. TEM thin foils were
examined using a Philips CM30 TEM with a LaB6 source operating at
300 kV. For APT matchsticks of 0.5 mm × 0.5 mm × 20 mm were
machined and subsequently electropolished into needle-shaped
specimens. All APT specimens were analysed using a Cameca LEAP
3000X HR atom probe, in pulsed-laser mode using a 532 nm wave-
length laser, operated at 0.4 nJ and 200 kHz using a base specimen
temperature of 50 K. Reconstruction and analysis was performed using
the commercial software IVAS version 3.6.6. SANS measurements were
carried out at the Quokka beamline, ANSTO, Australia. The wavevector
transfer (or scattering vector q) was measured over a range of values
from 0.003 Å−1 to 0.74 Å−1, which was achieved from three diﬀerent
sample to detector distances of 1.3 m, 12 m and 20 m. The scattering
vector is given by q = 4π.sinθ/λ, where λ, is the wavelength and 2θ is
the angle between incident and scattered beams. This conﬁguration
allowed us to maximize the accessible q-range. Since the wavevector
transfer is a reciprocal distance unit, the lower q will probe longer
correlation lengths, while the high-q end will probe the shorter ones.
The wavelength used was 5 Å, with a 10% spread (Δλ / λ = 0.1), and
the source and sample aperture diameters were 50 mm and 5 mm.
SANS data was reduced using the Igor software package and trans-
formed to absolute scale by the use of an attenuated direct beam
transmission measurement.
3. Analysis procedure
3.1. Atom probe tomography
Size values were obtained by creating isosurfaces (regions where the
composition of an element is above a certain composition) around the
precipitates of 17% Ni and 7% Mo (in atm.%) for NiAl and Laves phase
respectively (more details can be found in [20]). These values were
chosen as they were half-way between the maximum concentration
within a precipitate and the matrix composition. This choice is some-
what arbitrary, and will inﬂuence the size values obtained (lower va-
lues will give bigger precipitates). However, the values were chosen
based on the isosurface maps to produce precipitates that did not sig-
niﬁcantly overlap or were unrealistically small. These isosurfaces were
used to create a list of precipitates, with their own volume and position.
Average equivalent circular diameter (ECD) size values were obtained
from the list, by taking the arithmetic mean and by ﬁtting the size
values to a log normal distribution.
A proximity histogram (or proxigram) provides the concentration
proﬁle as a function of distance either side of the interface deﬁned by
an isosurface [21]. The compositions of the precipitates were de-
termined from these composition proxigrams using the values at the
centre of the precipitates: for Laves phase the value used was when the
composition is almost constant, and for NiAl when it has reached a
maximum value within the precipitate. We have taken account of the
cross-over of the 27 Da peak (an overlap in the APT mass/charge state
ratio spectra between 54Fe2+ and 27Al+ ion isotopes [11]) by assuming
that within the matrix and Laves phase this peak corresponds entirely to
Fe and inside NiAl it corresponds entirely to Al. Matrix compositions
were calculated by creating isosurfaces of Ni and Mo with concentra-
tion levels lower than used for calculating precipitate size and taking
the matrix as the composition outside this region. Volume fractions
were calculated in two ways from APT: (1) by the number of atoms
within an isosurface, the Atom count approach, (2) or by the compo-
sition of phases, the Lever rule approach. In the atom count approach,
the fraction of atoms within each phase (using the isosurfaces de-
termined for size quantiﬁcation) gives the volume fraction. There will
be a slight uncertainty here because of diﬀerent mass densities of the
precipitates, which was ignored. The lever rule method is normally used
for binary systems; in the method, the fraction of a phase can be found
by comparing the composition of the total system (i.e. before ageing)
with the composition of the two phases (i.e. after ageing). In a system
with three phases the treatment is more complicated, and was solved by
using a ﬁtting algorithm. In this the fraction of the phases are ﬁtting
parameters which reduce the diﬀerence between the composition of
phases calculated using the Lever rule and those measured. In the ﬁtting
Table 1
the chemical composition of the maraging steels, and the composition of precipitates, in
atomic %.
Al Co Cr Fe Mo Ni W
LowAl 2.56 7.96 10.91 69.35 1.62 6.85 0.75
9922 3.58 7.91 9.72 68.31 1.17 8.71 0.60
F1E 3.66 7.95 10.74 68.49 1.62 6.80 0.75
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the elements were limited to: Mo, Fe, W, Ni…
3.2. Small angle neutron scattering
The small angle neutron scattering cross section is deﬁned as [22]:
∂
∂
= +q NV ρ P q S q BcgΣ( )
Ω
(Δ ) ( ) ( )2 2
(1)
where N is the number of precipitates per unit volume, each with vo-
lume V. The function P(q) is the scatterer form factor (it is related with
the Fourier transform of the shape of the individual scatterers) and S(q)
the structure factor. S(q) is a measure of the interparticle structural
correlations, and tends to 1 [22] for dilute systems; for simplicity we
have assumed a dilute system and it can be ignored. Δρ is the diﬀerence
in scattering length density between precipitate and matrix, where ρ is
given by:
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where na and Va are the number of atoms and volume of the unit cell
respectively, xi is the composition of element i in atomic fraction and bi
the elements neutron scattering length [23]. As can be seen in Eq. (1),
the SANS intensity varies with the square of the diﬀerence of the SLDs
of the matrix and the scatterer, and linearly with the volume fraction.
So for example, doubling the volume fraction and reducing Δρ by a
factor of 4 will have no inﬂuence at all in the scattering curve.
The scattered intensity (I(q)) was ﬁtted to the following function
[24,25]:
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where φ is the volume fraction of the phase, given by the subscript β for
NiAl and L for Laves; r is the radius of the precipitate, r′ the equivalent
radius of an ellipsoid found from the angle α between the axis of the
ellipsoid and the q-vector and the radius along the rotational axis Ra
and perpendicular to this Rb; V is the volume of the sphere/ellipsoid, GP
(q) is the Guinier Porod function and is used to model the scattering
from the martensitic matrix [25]; and Bcg is the instrument back-
ground. The functions were chosen based on the diﬀerent shapes of the
precipitates, with NiAl close to a sphere, and Laves phase closer to an
ellipsoid. The least-square ﬁtting of the curve was carried out using
SasView.
Example ﬁts of the data are shown in Fig. 1. Before ageing (0 h) the
intensity increases considerably at low values of q and is well described
by a Guinier Porod function; since no precipitates are present this is
probably indicative of considerable scattering from the martensite. One
of our main working hypothesis is that the scattering of the matrix does
not change with the heat treatment. It is known that the microstructure
of the matrix will change, but the evolution of the diﬀerent nano-pre-
cipitates is much faster. Therefore, we have used the 0 h scan to re-
present the matrix contribution to the total scattering signal at all other
ageing times. After 12.5 h ageing, two ‘bumps’ develop in the scattering
pattern. The position of these bumps gives an indication of the size of
the precipitate (see Eq. (3)), with lower q-values corresponding to
larger precipitates. Hence, the bump at low q (~2 × 10−2 Å−1) stems
from the Laves phase and the high q bump (~7 × 10−2 Å−1) from
NiAl; such that the precipitates are separated based only on their size.
We believe this is a good approximation as TEM and APT measurements
show that NiAl precipitates are smaller than Laves phase at all ageing
times measured. At shorter ageing times, when the size of both pre-
cipitates is similar, it would be diﬃcult to separate the contributions of
both phases.
During ﬁtting we assume that the scattering from the matrix and
background are constant (whilst there is some change in the back-
ground level between samples it does not change in a systematic way)
and only allow φβ * and φL* to vary during ﬁtting (* refers to the fact
that these are nominal values which will be adjusted). When using the
composition values found from APT the volume fraction values ob-
tained using Eq. (3) were unrealistically high, particularly for NiAl. This
is addressed in the Supplement along with possible reasons for the
discrepancy. To correct for this, we multiplied the volume fractions of
each precipitate by a constant factor so that they matched the volume
fraction values obtained by APT at a particular ageing time.
There will be compositional changes, of both the matrix and pre-
cipitates, happening during the ageing process. The change in the
composition of the precipitates is relatively small (discussed in the
following section) but the change of the matrix will be larger. Since the
composition of precipitate and matrix directly relates to the volume
fraction these changes will inﬂuence the volume fraction values. An
approach to account for this is discussed in the Supplement. This ap-
proach leads to a correction to the volume fraction values relative to an
assumption of a constant composition of matrix and precipitate. This
correction is relatively small in the case studied, but this need not be the
case in all situations. Due to the uncertainty in determining the absolute
values of the volume fraction of the phases and the correction for a
changing matrix being relatively small, it is assumed that both the
matrix and precipitate composition are constant across all ageing times
and temperatures. A comparison of the volume fractions found by APT
and SANS for the alloys is provided in the results section.
A constant size distribution was assumed with PD ratios (PD=
standard deviation / mean) of 0.5 for Laves phase and 0.3 for NiAl,
based on values found from APT and TEM results.
The ﬁnal approximation we make is to reduce the inherent random
Fig. 1. Example SANS ﬁt of 9922 aged at 540 °C for 12.5 h, showing the Guinier Porod plus background scattering from the matrix (brown dashed line), NiAl (green full line), Laves phase
(black dot-dashed line) and the experimental data (blue dots). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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errors involved in SANS. In this correction, we average the size and
volume fraction values from three diﬀerent alloys. The justiﬁcation for
this step is that the relative diﬀerences between the size and volume
fractions of the diﬀerent alloys are smaller than the uncertainty in the
results of a particular alloy. The sizes of the diﬀerent alloy types are an
average of the three melts, and the volume fraction of Laves and NiAl
phases in the diﬀerent alloy types are also an average, but with a dif-
ferent magnitude for each phase and melt. These corrections are dis-
cussed in more detail in Supplement along with individual ﬁts to the
diﬀerent alloys datasets.
4. Results
4.1. Precipitation
Two techniques were combined with the SANS analysis to under-
stand the precipitation in this alloy: transmission electron microscopy
(TEM) and atom probe microscopy (APT). The information from these
techniques is then fed into the SANS models. In Fig. 2 are TEM mi-
crographs of alloy 9922 after austenisation and ageing. Fig. 2a shows
the microstructure after only an austenisation heat-treatment. No pre-
cipitates can be observed in the micrographs after the austenisation
process. This was also observed in the other melts and is consistent with
previous work [12]. After ageing two types of precipitates start to form,
(1) Laves phase which have an irregular shape and often form on lath or
other grain boundaries, (2) NiAl phase which is smaller, more evenly
distributed and approximately spherical. NiAl are diﬃcult to quantify
by TEM because of their small size and poor contrast (due to their co-
herency with the matrix). APT was used to gain more information on
both phases, and in particular NiAl. In Fig. 3 are isosurface maps of Ni
and Mo used to indicate NiAl and Laves phase, respectively. From the
ﬁgure, after 7.5 h ageing it is apparent that the two types of precipitates
are markedly diﬀerent. NiAl are a few nanometres in size, approxi-
mately spherical and spread evenly through the matrix; whereas, Laves
phase are larger (about 10 times larger than NiAl), with a lower number
density and a more irregular shape. At 0.5 h this distinction in size is
less apparent but the precipitate density and shape diﬀerences are still
observed. In Fig. 4, are comparisons of the composition proxigrams of
two diﬀerent alloy types (9922 and lowAl) and two diﬀerent ageing
times (0.5 h and 7.5 h for 9922). There is considerable overlap of the
composition proﬁles of the two precipitates for diﬀerent alloy type and
ageing times. This observation is the justiﬁcation for the assumption
that the composition of NiAl and Laves phase are constant across all
ageing times and alloys studied.
4.2. Precipitate evolution
The change in the volume fraction and sizes of the precipitates for
alloy 9922 derived by SANS analysis are shown in Fig. 5. The evolution
in the volume fraction of the two precipitates is markedly diﬀerent. For
Laves phase it increases with ageing time at all temperatures; whereas
for NiAl the value increases rapidly before saturation, such that for the
times measured (> 1 h) it is approximately constant. There are diﬀer-
ences in the changes in volume fraction with temperature; for Laves
phase the volume fraction increases more quickly with increased tem-
perature, whereas for NiAl the volume fractions are slightly higher at
lower temperatures. For both NiAl and Laves phase the size increases
with ageing time and temperature following a power law relationship
(details of this are discussed later). The increase in size with ageing time
is approximately linear on this logarithm plot, with a similar gradient
for both precipitates but the Laves phase are ~7 times larger.
4.3. Precipitate strengthening
Ageing to produce a distribution of small precipitates is crucial for
obtaining the beneﬁcial mechanical properties of this alloy. For ex-
ample, the Vickers hardness increases by almost two times after ageing.
Diﬀerent ageing times and temperatures produce diﬀerent precipitate
populations (i.e. sizes, volume fractions and distributions) and so it
would be expected that this would lead to diﬀerent mechanical prop-
erties. This is indeed the case as shown in Fig. 6, the hardness changes
with ageing time and temperature. There are some notable features of
these results: (1) the strength at each temperature increases to a max-
imum and then falls, (2) the ageing time needed to reach this max-
imum, i.e. the peak-hardness, increases as the ageing temperature falls,
and (3) the peak-hardness strength increases as the ageing temperature
decreases.
5. Discussion
5.1. Precipitate evolution
The typical evolution of a precipitate during ageing can be sepa-
rated into three stages: (1) initiation, (2) growth and (3) coarsening;
although in practical situations there will be some crossover between
these [26]. The diﬀerence between these stages is shown schematically
in Fig. 7. In the nucleation stage, small regions of elevated solute
concentration, close to the equilibrium of the precipitate, are formed
throughout the matrix. Because of their small size the volume fraction
during the nucleation stage is relatively small compared to the equili-
brium volume fraction. In the growth stage the volume fraction in-
creases to a maximum value as the precipitates grow. During the
Fig. 2. TEM micrographs of alloy type 9922, after austenisation only (a), and austenisation and then aged at 540 °C for 10 h (b, c). The darker particles in b and the lighter particles in c
are Laves phase. The arrow in c indicates a region where NiAl phase are visible as darker particles. (a) and (b) are bright-ﬁeld images and (c) a dark-ﬁeld image.
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coarsening stage the volume fraction remains approximately constant
but the average size continues to increase as larger precipitates grow at
the expense of smaller precipitates. The results of Fig. 4 suggest that
NiAl is in the coarsening stage from ~1 h onwards, because the volume
fraction is approximately constant after this time. In contrast, Laves
phase is in the growth stage for all temperatures and times, as evi-
denced by the increases in volume fraction with time at all tempera-
tures.
The change in the volume fraction of a precipitate (φ) with time, t,
during the growth stage can be given by the following formulae [27],
where fT is the fraction of a phase transformed:
= − ⎛
⎝
− ⎞
⎠
→ → =f exp π N G t f k t ast k π N G1
3
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3T r r
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T f
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f r r
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where, Nr and Gr are constants related to the nucleation and growth
rates, respectively, of the precipitate. Both variables are proportional to
the speed of this diﬀusion or diﬀusivity (D), along with other para-
meters. The diﬀusivity is temperature dependent and can be given by
the following formulae [27]:
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Where, D0 and Q0 are diﬀusivity constants that are used to determine
the diﬀusivity D of an element at diﬀerent temperatures. R is the uni-
versal gas constant and x′i is the volume fraction of element i. The
diﬀusivities of diﬀerent elements present in the alloy are shown in
Table 2; the elements with the highest diﬀusivities are Ni and Al, and
the lowest is Cr followed by Co and Mo [26,28–30]. Using the com-
positions of the precipitates and Eq. (5) the diﬀusivity of NiAl is found
to be at least 15 times higher than Laves phase. This large diﬀerence
may explain why from the SANS results, the two precipitate types ap-
pear to be in diﬀerent stages of evolution, and why the Laves phase
reaches the end of the growth stage at least more than 20 times slower
than NiAl. The results are also in general agreement with the work of
other researchers on Laves phase and NiAl [31–34].
It is possible to assess the change in the volume fraction of Laves
phase by plotting ln(-ln(1-fT)) against ln(t): nf is found from the gradient
of the plot and kf from the intercept. The value of nf has been measured
and calculated to have a range of values from 1 to over 2.5. If an as-
sumption is made that the mean composition of the matrix decays ex-
ponentially with time, the value of nf has been shown to be close to
unity [5,35–37]. A closer approximation to observed precipitation ki-
netics is described by the Johnson-Mehl-Avrami (JMA) equation, which
leads to a range of possible nf values: (a) if there is no nucleation within
the growth stage nf = 1.5, (b) and if nucleation occurs with an in-
creasing rate during growth nf>2.5. Experimental work on alloys with
similar Laves phase precipitates [33,38] have found nf values between
1.3 and 1.6, which are consistent with the predictions based on separate
nucleation and growth stages. In this work, using SANS and APT, nf is
found to be around 1 (Table 3 and Supplement). The values are of the
Fig. 3. APT isosurfaces of 9922 after austenisation and ageing at 540 °C. Showing isosurfaces of Ni (17 atm.%) in green to represent NiAl and Mo (7 atm.%) in black to represent Laves
phase. On the left are the precipitates after ageing for 0.5 h, and on the right after ageing for 7.5 h. The regions are rectangular 20 nm in depth, 80 nm in width and ~160 nm in height.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Composition proxigrams for the 9922 alloy for the NiAl (a and c) and for laves phase (b and d) for selected elements, Al and Ni for NiAl, and Cr and Mo for laves phase. (a) and (b)
show the diﬀerence in alloy chemistry and (c) and (d) the diﬀerence in ageing time.
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same order as the predicted values (particularly when using the values
found from ﬁtting to the alloys separately); however, the values are
lower by around one third than other results and predictions and may
suggest a limitation of the theoretical approach or a diﬀerent me-
chanism at play (e.g. a shift to coarsening).
The volume fractions that we obtained from the SANS analysis,
using the composition values of precipitates and matrix from APT, were
unrealistically high, particularly for NiAl (discussed in Supplement 1).
Hence, the values of each phase was multiplied by a constant (eﬀec-
tively creating a new SLD for each precipitate) to match the APT data at
a particular ageing time and temperature (540 °C for 7.5 h). The cause
of this discrepancy is not clear, but is thought to be due to the diﬃculty
in obtaining composition of small precipitates by APT and additional
scattering between the two phases which was ignored. The normalised
SANS volume fraction values are the ones discussed in this report. An
important issue that this raises is that it is easier to obtain relative
volume fraction changes than absolute values when using SANS. The
composition of a precipitate can change signiﬁcantly with the compo-
sition of an alloy and the ageing temperature [12], and because of the
diﬃculty in obtaining the composition of precipitates, there will always
be an uncertainty when obtaining absolute volume fraction values.
The volume fractions of NiAl and Laves phase measured by APT are
shown in Table 4. Since the two APT approaches use diﬀerent features
of the microstructure the results are expected to diﬀer, but are in most
cases very close. From previous work [12] it was shown that the
Fig. 5. The change in the equivalent crystal diameter (ECD) and
volume fraction (φ) with ageing time of the averaged data. The
lines are ﬁts to the average data using Eq. (6) for ECD values with
one value of n3 for Laves phase and one for NiAl. The volume
fraction values for the Laves phase are ﬁts to Eq. (4).
Fig. 6. The change in Vickers hardness of 9922 with ageing time and temperature. The
error bars represent the standard deviation in the measurements.
Fig. 7. Schematic of the stages of evolution of a precipitate. Where, in the nucleation
stage the precipitate number increases dramatically but the volume fraction stays rela-
tively small. This is followed by the growth stage where the volume fraction increases to a
maximum. In the ﬁnal stage, coarsening, the volume fraction stays approximately con-
stant but the number of precipitates falls.
Table 2
diﬀusivities taken from the literature. Ref-A at 550 °C [28], Ref-B at 510 °C [30], Ref-C [29] at 550 °C and 475 °C. Ref-D [26] is used with the other references for the calculated range of
values shown.
NiAl Laves Al Co Cr Fe Mo Ni W
Literature D (× 10–22
m2 s‒1)
93,000 [A] 31 [B] 5.0 [A] and 160
[B]
230 [A] 20 and 600 [C]), 58
[B]
360 [A] and
56 [B]
Calculated D at 540 °C 24–13,000 0.00083–870 5.9 × 104 –6.9 ×
1011
1.5– 130 0.00045–3.2 0.3–150 5.0 × 10–12–240 1.9– 230 2.8 ×
10–25–3.2(× 10–22
m2 s−1)
D0 (× 10−4) 1.8–110 4.1 to 4.4
Q0 (× 105) 2.5–2.6 2.4 to 3.4
Table 3
values of nf (see Eq. (4)), n3 and Q0 (see Eq. (6)) found from ﬁtting the SANS data. * See
supplement for more details on the diﬀerence.
NiAl Laves
nf – 0.90 / 1.16*
n3 3.93 3.07
Q0 4.14 × 105 4.89 × 105
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standard deviation in the volume fraction of an APT specimen was
considerable. This is also expected to be the case here since only one
specimen was measured per condition. The volume fraction of Laves
phase is very low at 0.5 h, and increases more rapidly than NiAl be-
tween 0.5–7.5 h: by 2–4 times for NiAl in contrast with 20–29 time for
Laves phase.
The composition values found by APT and SANS are consistent with
each other, both in terms of the diﬀerences between the alloys and
between the two ageing times. Further investigation would be needed
at intermediate ageing times to compare details of the precipitate
evolution, such as when NiAl reaches coarsening or the rates of in-
crease. However, the changes in the volume fraction of Laves phase
with ageing time as measured by SANS (particularly from nf), discussed
above, give some justiﬁcation that the changes in volume fraction by
SANS are reasonable.
It is possible to use the obtained sizes of the precipitates to extract
information about the precipitate evolution. Theoretically the pre-
cipitate radius (r) increases with the aging time (t) following [37]:
− = = ′ = ′ ⎛
⎝
− ⎞
⎠
r r ct c c D
T
c
T
D Q
RT
with expn n0 0 03 3 (6)
where, r0 is the initial size of the precipitate (equal to 0 during growth,
or for coarsening equal to the precipitate size at the beginning of the
coarsening behaviour), c and n3 are constants related to the nature of
the growth of the precipitate. The value of c is proportional to the
diﬀusivity D of the precipitate and related to the temperature, along
with other variables [37].
The values of the constants in Eq. (6) were determined from ﬁtting
the equation to the SANS size results, and are shown in Table 3, Q0
relates the ageing temperature, at an ageing time, to the corresponding
size of a precipitate (i.e. a bigger value of Q0 corresponds to a wider
spacing in sizes at diﬀerent temperatures). The value of Q0 is similar for
the two precipitates (4.1 × 105 for NiAl and 4.9 × 105 for Laves phase)
but slightly higher for Laves phase. In Table 2, we have made a cal-
culation of Q0 for the two precipitates based on the composition of the
elements within them (2.5 × 105 and 2.9 × 105). The calculated values
are lower than those obtained by SANS, but are of the same order: ~0.6
of the SANS values (more details are provided in the Supplement). This
diﬀerence in Q0 means that the spread in sizes at diﬀerent temperatures
is larger in the SANS results than expected by the calculated values. The
cause of the diﬀerence is not clear; it could be due to the uncertainty in
calculating the Q0 from diﬀusivity data or due to the assumptions made
in the SANS analysis. However, the SANS results do show the value of
Q0 to be higher in Laves phase than NiAl by 20%, which is consistent
with the 16% calculated.
The constant n3 indicates how the size changes with time (whereas
Q0 indicates how it changes with temperature). From theory n3 can
have a range of values. From classical derivations the value of n3 can be
shown to be equal to 2 for particle growth [39] and 3 for coarsening.
The value will also be higher if precipitation occurs on a boundary
instead of the matrix, e.g. during coarsening the value of n3 increases
from 3 to 4 if precipitation occurs on the grain boundary rather than by
lattice diﬀusion [40]. Fig. 5 shows that the power law behaviour of Eq.
(6) is met for the size data. For NiAl the value of n3 is ~3.9 for all
temperatures and is therefore ~25% higher than the theoretical value
of 3. For Laves phase the value of n3 is found to be ~3.1, slightly
smaller than that found for NiAl. The value of n3 for Laves phase is ~1/
3 higher than the theoretical value of 2. The discrepancy may be due to
limitations of the model since it is based on spherical precipitates and
lattice diﬀusion [39], or because Laves phase favours formation on
boundaries.
Frequency histograms of size values from APT measurements of
9922 at the two ageing times are shown in Fig. 8, and the average size
values by both APT and SANS are shown in Table 5. The histogram and
table show a general agreement with the SANS results. The NiAl pre-
cipitates are smaller and more frequent than Laves phase (the maximum
frequency value is approximately 20x higher for NiAl) at both ageing
times, and the size of both phases increases with ageing time. There is
an overlap in the size distributions of the precipitate sizes, which is
expected from the SANS analysis. However, the diﬀerence in sizes
found by APT at 0.5 h is much smaller than the diﬀerence found by
SANS. As previously mentioned before, it is diﬃcult to separate the
contribution from both phases at the early stages of the ageing due to
their similar size. There is also a diﬀerence in the absolute values ob-
tained. This is probably due to several factors. One factor that may
explain the results is that the atom density, obtained by APT, within
both precipitates is lower than the matrix. It is thought that this is an
artefact from the measurement, i.e. the density is constant. If this is the
case then it would cause the precipitates to appear bigger than they are
and could explain the diﬀerences.
5.2. Precipitate strengthening
There are several diﬀerent models that can be used to relate the
precipitate distribution to an alloy's strength. The most well-known of
these was developed by Orowan [4], and describes the strengthening
from the looping of dislocations between hard undeformable particles.
Although, the same general form of the equation is used by most re-
searchers, the exact relationship between strength and precipitate
Table 4
volume fraction values obtained from APT, by atom count and lever rule methods, and
from SANS.
Alloy Time (h) NiAl Laves
Atom
Count
Lever
Rule
SANS Atom
Count
Lever
Rule
SANS
LowAl 7.5 7.4% 5.9% 5.8% 2.7% 1.5% 3.3%
9922 0.5 7.9% 1.6% – 0.13% 0.09% –
9922 7.5 15% 7.0% 9.2% 2.6% 2.6% 1.5%
F1E 7.5 7.0% 6.7% 8.0% 4.1% 2.3% 2.6%
Fig. 8. ECD size frequency histograms for NiAl and Laves phase after 0.5 h and 7.5 h
ageing at 540 °C of 9922, determined by APT. The lines represent ﬁts of the data to a
lognormal distribution.
Table 5
ECD size values determined by SANS and APT analysis of 9922 after ageing for 0.5 h and
7.5 h at 540 °C. APT log is the mean size from the ﬁt of the size values to a lognormal
distribution and APT mean is the mean of the size values.
NiAl ECD Size (nm) Laves ECD Size (nm)
APT log APT mean SANS APT log APT mean SANS
9922: 0.5 h 4.0 3.2 2.3 5.3 3.8 7.7
9922: 7.5 h 8.3 6.4 4.3 44.7 13.5 14.3
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population (volume fraction and size) can diﬀer as diﬀerent relations
are used. A large part of this is due to the diﬃculty in deﬁning the
interparticle spacing, L, from volume fraction and precipitate size va-
lues. When the precipitates are small (less than ~ 10 nm ECD) the
dislocations can cut through the particles. In this case the strengthening
can be shown to be due to a number of factors [3,41–43] (more detail is
provided in the Supplement). As with the Orowan formulae these re-
lations can be slightly diﬀerent and lead to diﬀerent strength results for
the same precipitate population. In addition, the formulae can contain
values that are diﬃcult to determine, such as the lattice misﬁt between
precipitate and matrix [44].
When using the SANS data with the strengthening formulae, we ﬁnd
that diﬀerent Orowan or shearing formulae give diﬀerent magnitudes
but have similar overall behaviour (Fig. 9). For example, the Orowan
strengthening can change by a factor of ~10 depending on the for-
mulation used (or ~ 2 for the two formulae used in Fig. 9b), mainly
because of how the distribution is deﬁned. But in all cases the diﬀerent
Orowan formulae cause the value of laves strengthening to increase in a
similar manner, and NiAl strengthening to fall in a similar manner.
When precipitates are sheared by dislocation a number of formulae
have been determined to describe the strengthening, including che-
mical, stacking-fault, modulus, order and coherency strengthening
[5,41]. In Fig. 9a some of these formulae have been used to determine
the shear strengthening of NiAl and laves precipitates using the SANS
data. In contrast, the shear strength increases with ageing time for both
precipitates, in a similar manner to the change in strength of laves
phase for the Orowan mechanism. The shear dispersion formula is not
shown here for NiAl but falls in a similar manner to the Orowan curves.
Since this equation is intended for use when the precipitate size is larger
[45], it oﬀers a diﬀerent explanation to the change in mechanism than
the shear to Orowan mechanism proposed in the text. The large var-
iations in the magnitude and the diﬀerent behaviours of the two
strengthening mechanisms means that many points (i.e. ageing times
with diﬀerent volume fractions and sizes) are required to understand
the relative strengthening contributions.
To model strengthening we use an Orowan equation [43] for Laves
phase, because of their larger size across all ageing conditions. Al-
though at low ageing times this approximation may become less valid,
any potential error is reduced because of the lower volume fractions.
For the NiAl phase we consider the strengthening from both Orowan
looping and shearing [43,46], where the active mechanism is the one
that oﬀers the least resistance to dislocation movement. The approach
works is in a similar manner to the one described by Schnitzer and
colleagues [48], whereby strengthening is given by a shearing
mechanism below a critical particle size and an Orowan mechanism
above this. The approach is used here because no individual strength-
ening equation can describe the characteristic peak-hardness. An
equation for the strengthening from a ﬁne distribution of precipitates
developed by Ansell and Lenel [49], could partly explain the peak-
hardness. However, given that the model is only dependent on the
volume fraction of the precipitates it fails to explain the diﬀerences at
diﬀerent ageing temperatures. The following equations are used for
precipitate strengthening:
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where, MT is the Taylor factor, G the shear modulus of the matrix, b the
magnitude of the Burgers vector of dislocations, ν the Poissons ratio,
ωq,r constants derived from particle statistics, S is the dislocation line
tension given by S = Gb2/2, r the particle radius and φ the volume
fraction. For NiAl we also assume there is a normal distribution of
particle sizes (st. dev. = 1 nm), and the total strengthening is the sum
of the contributions. This has the eﬀect of smoothing the transition
between the two mechanisms (Fig. 10a).
In addition to precipitation strengthening, the alloy will also gain
strength from the lath structure (subscript l), due to the intrinsic
strength of iron (Fe), and solid solution strengthening (SS). As with
many other strengthening mechanisms, the one produced by solid so-
lution strengthening is not well deﬁned. Diﬀerent relationships between
the composition (χ) of solute elements and strengthening are found by
diﬀerent researchers, with both diﬀerent values of the exponent of the
composition (either 1 or 1.5 are commonly used) and proportionality
constants [50–53]. The strengthening can also change in a complex way
with an increase in the percentage of the element (such as increasing
and then decreasing [51]). Based on the strength of the alloy before
ageing (see Supplement) we deﬁne the strength from these contribu-
tions by the following formulae:
Fig. 9. The strengthening of precipitates using diﬀerent shear strengthening formulae (a). And the strengthening by diﬀerent Orowan strength formulae (b). Both strengthening pre-
dictions use the SANS data of 9922 at 540 °C. Shear-A Friedel formula from [46] and used in [10]. Shear-B chemical strengthening, Shear-C coherency strengthening, Shear-D dispersion
strengthening [45]. Orowan-A [47] and Orowan-B uses the Orowan equation in Eq. (9).
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Due to the issues highlighted above with diﬀerent strengthening
equations, we use a semi-empirical approach to determine the
strengthening during ageing. We will use the SANS data and formulae
(Eqs (7)–(9)) that relate the volume fraction and size of precipitates to
strengthening. To quantify the contribution of each diﬀerent me-
chanism we will ﬁt the hardness values to the following equation:
= + + +σ σ σ κ σ κ σΔ Δ ΔY SS L Oro β β0 (10)
κL, κβ and κβratio are ﬁtting variables and the other parameters are
found from Eqs. (7)–(9). We are using diﬀerent ﬁtting variables for
Orowan strengthening of NiAl and Laves phase because the distribution
of precipitates is diﬀerent and this will lead to diﬀerent values of L. In
all, three ﬁtting variables are used.
In Fig. 10, the results of the semi-empirical strengthening model for
9922 are shown. In Fig. 10a, the predicted strengthening of NiAl is
shown, along with the strengthening by Orowan and shear mechanisms.
The strengthening by Orowan falls with increasing ageing times and
increases as the temperature is lowered. The jump in Orowan
strengthening at the start of ageing is caused by the rapid increase in
the volume fraction of NiAl determined from SANS measurements. The
relative behaviour of Orowan and shear strengthening means that the
minimum of the two mechanism provides the characteristic shape of
the hardness curves: a steep increase in strength to a maximum fol-
lowed by a gradual fall in strength, with maxima that increases in time
with falling temperature. In contrast, the Orowan strengthening of
Laves phase increases with time in a similar way to NiAl shear
strengthening (Fig. 10a). The behaviour of Laves strengthening, with
ageing temperature, is more complicated because there are large
changes in both the size and the volume fraction. Consequently, smaller
precipitates with a smaller volume fraction (lower temperatures) have a
similar strengthening to larger precipitates with a greater volume
fraction. The solid solution (SS) strengthening falls with ageing time as
more strengthening elements diﬀuse into Laves phase. Because the
volume fraction of Laves phase increases quicker at higher tempera-
tures the SS strengthening is lower at higher temperatures. A notable
feature of the predicted NiAl strengthening is that the strength maxima
are approximately constant with ageing temperature. Therefore, in
order to explain the increase in the peak strength with falling tem-
perature the increase in Laves phase strengthening must be larger than
the fall in SS strengthening. The strength predictions show that NiAl
and intrinsic strengthening (SS, lath and Fe strengthening) dominate at
low ageing times, whereas Laves phase only becomes the dominant
precipitate strengthening mechanism after long ageing times (> 50 h).
Fig. 10b, displays the measured (which have been interpolated) and
predicted strength values. The predictions show many of the features of
the measured values, including the positions and magnitudes of the
peak strengths and strength values that are close to those predicted. But
there are some discrepancies with the predictions, (1) the time to peak
strength are further spread out than the actual data (i.e. the predicted
time to peak strength is too low at 560 °C and too high at 520 °C), and
(2) a more gradual rise in strength at 520 °C than found. This analysis
suggests that the model can explain features of the age hardening of the
alloy but not the complete behaviour. This is to be expected given that
the method is simple and there is a good probability of at least some
errors in the SANS results because of this. A more detailed approach
would be to establish the exact nature of the Orowan, shear and solid
solution models (and relationships to volume fraction and size) by
isolating one phase at a time. For example, a possible explanation for
the discrepancy at low ageing times at 520 °C may be caused by small
Laves phase contributing to strength by a shear mechanism.
The formulism used here leads to the same conclusion as Schnitzer
and colleagues [48] of a critical precipitate size in which particles
change mechanism from shearing to Orowan looping. The value we
obtain for 9922 is ~4.4 nm, and changes by less than 0.1 nm for the
diﬀerent temperatures. This is lower than the value they obtained of
13.6 nm, however the diﬀerence may be due to their limited data
particularly before peak hardness.
The three parameters found when ﬁtting Eq. (10) to the hardness
values of 9922, were then used for the other two alloys. The predicted
strengthening of all three alloys, along with the diﬀerence in volume
fraction of precipitates, are shown in Fig. 11. Because of the formula-
tion used, the time to peak strength is the same for all alloys as is the
shape of the contributions. The magnitude of the diﬀerent strength-
ening contributions varies signiﬁcantly between the alloys, because of
the diﬀerences in volume fraction of the precipitates in the diﬀerent
Fig. 10. (a) The diﬀerent predicted strength contributions of 9922, and (b) the total predicted strength at diﬀerent temperatures.
Fig. 11. SANS change in the volume fraction of the two precipitates for the three alloys
(a). And (b) is the model predictions of strength of the alloys after diﬀerent ageing times
and temperatures, using the SANS results. The model uses the ﬁtting parameters found by
only ﬁtting the 9922 data.
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alloys (Fig. 11). The predicted and measured strength values show some
agreement, i.e. F1E has the maximum strength and the other two have
similar and lower strengths and the time to peak-strength, which ap-
pears to be approximately constant for this set of alloys (see also Sup-
plement). The diﬀerence between predictions and measurements is
larger for F1E. Since only limited hardness measurements were taken,
this may be an indication of the scatter in hardness values. We have also
observed that in this alloy smaller Cr rich precipitates form during
ageing. It is possible that these get included in the NiAl volume fraction
values from SANS, and in some way contribute to the higher measured
strength than expected.
6. Conclusions
The evolution and strengthening from nano-sized precipitate are
complex problems to understand and model; this is demonstrated by the
range of models that have been proposed to explain the behaviour. This
work highlights that the combination of small angle neutron scattering
(SANS) and atom probe tomography (APT) provide an eﬀective way to
provide experimental characterisation to help verify these models. The
two methods are complementary, allowing information of changes at
the nano-scale of many samples to be determined that is representative
of the bulk material. In this work, APT results are used as input for
SANS analysis to provide details of: (1) the size distribution of the
phases, (2) volume fraction of the phase at one measurement point, (3)
composition of phases to calculate volume fraction at other temperature
and times. In turn, the SANS analysis has provided details of the change
in size, volume fraction and composition of phases during ageing. These
SANS results were shown to be consistent with precipitate evolution
from: (a) APT results of the alloy, (b) other research on precipitation,
(c) and models of precipitate evolution. However, there were some
discrepancies; these are thought to be more likely to be due to intrinsic
diﬃculties of the characterisation methods, than indicative of actual
diﬀerences.
In the ﬁnal part of this work we considered how the precipitate
population inﬂuences the strengthening of the alloy. We presented a
model which described the diﬀerent contributions to the strengthening
of the alloy. The two precipitates contribute in diﬀerent ways because
of the diﬀerences in their evolution. For NiAl, because of their small
size and almost constant volume fraction, their strengthening me-
chanism changes from shear to Orowan looping as they grow. It is this
transition that is the cause of the characteristic peak-strength of this
alloy. Conversely Laves phase, in the growth stage throughout, con-
tributes more strength to the alloy with increasing ageing times. Despite
its simplicity the model showed good agreement with experimental
results.
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